Abstract. The temperature dependence of the conductance of an n-type inversion layer on a (100) silicon surface has been examined between 1.4 K and 4.2K at electron densities at which the Fermi level is close above the mobility edge of the lowest sub-band. It can be explained by assuming a separate band of localised bound states from which electrons are thermally excited into the extended states of the sub-band. The absence of any noticeable change in the conductivity mobility demonstrates that the nature of the electron transport is preserved when the conductivity is lowered from 8 x lo-' mho to 2 x mho.
Introduction
During the past few years there has been a great deal of interest in the conduction of the inversion layer in a metal-oxide-silicon structure at low temperatures. The disorder due to the random spatial potential fluctuations at the Si/SiOz interface is now generally accepted as producing Mott-Anderson localisation in the tail of the lowest sub-band (Adkins 1978 and references therein) . It may be characterised by a mobility edge separating localised states from extended ones at the transition energy E,. As was argued by Mott (see review of the theoretical framework by Mott and Davis 1979 ) the electron wavefunctions, just above the edge, extend throughout the system but unlike free band electrons, change their phase in a random way from site to site. When the Fermi level EF, is far enough above E,, the potential fluctuations are weak and the conductivity is then predicted to be independent of temperature and to rise with the electron density. Following Mott's arguments, at very low temperatures EF moves right down to E,, so the conductivity should tend towards a characteristic universal value a , , , denoted as the 'minimum metallic conductivity' (Mott et aZ1975). When EF is below E,, at not too low temperatures, the conduction is due to electrons excited from localised states around EF to states at and just above E,. Then the conductivity should be activated according to:
$q = a m m exp[-(Ec -EF)/~T].
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The activated conductivity results obtained from devices with predominant short-range disorder have usually been reported (Pepper 1977 , Adkins 1978 to support the concept of the minimum metallic conductivity. However, a systematic departure of the conductivity from expression (1) has sometimes been observed (Pollitt 1976 , Pollitt et a1 1976 at temperatures roughly above 4 K. A qualitative explanation (Mott et a1 1975) in terms of activation of electrons to higher-mobility states at energies well above E, has been proposed but because of the lack of any experimental evidence for such states, this explanation is by no means conclusive. The results presented in this paper are confined to the behaviour of the conductivity just above the mobility edge. It will be argued that the observed fairly strong temperature dependence of the metallic conductivity can be related to an increase in the number of extended electrons in the lowest sub-band with temperature. Thermal promotion of electrons from a separate, at T = OK almost fully occupied, narrow band of localised bound states which overlap the tail of the lowest sub-band, is proposed to produce this increase with temperature. Presumably this effect also plays a major role in the deviation from equation (1) in the early part of the thermally activated transport.
Experimental
In order to investigate the transport properties of electrons near the mobility edge of the lowest sub-band an n-channel Hall MOSFET with an oxide thickness of l O O O A was fabricated on a (100) oriented surface of a 7 ohm-cm p-type substrate. The channel length L and width Ware 1000 km and 200 pm respectively. The induced surface electron density n,, is determined by n, = C,,(V, -v[h)/e, where CO, (=3.57 X F m-*) is the oxide capacitance per unit area, V, the gate voltage and v[h (= -1.85 V) the capacitance threshold measured at 4.2K using an AC signal of 0.5 Hz.
For v = 9.3 Hz the AC conductivity a of the channel was measured at a number of fixed temperatures which ranged from 1.4 K to 4.2 K with almost equal intervals of about 0.10K between them and which were all accurate to better than 5 mK. Actually, the temperature passed through a set of calibrated basis points of a carbon-glass thermometer. A control circuit operating proportionally to a deviation from the set point of this resistance thermometer and driving an electromagnetic control valve in the pumping line to the cryostat, adjusted the temperature and stabilised the vapour pressure above the liquid helium bath. A variation of the applied source-drain voltage between 0.1 mV and 1 mV which is typical for the present results, did not produce any change in the measured conductivity, and so rules out electron heating as well as non-ohmic behaviour in the electron transport.
In figure 1 the temperature dependence of a is shown for various surface carrier concentrations. In the region of activated conductivity the plots of log aversus 1/T tend to converge to a common intercept a , , = 3 x lo-' mho at UT = 0 K-', apparently in good agreement with expression (1) and the theoretical estimate of a , , (Licciardello and Thouless 1975) . When the Fermi level is close to the mobility edge, however, appreciable deviations from the predicted behaviour of the conductivity can be seen both in the activated and metallic transport at relatively high temperatures.
In order to obtain the derivative daidT, the increment of the conductivity was measured for each interval between two successive temperatures. The average of da/dT for two adjacent intervals was assigned to their common temperature. In figure 2 the derivative is shown as a function of the temperature for the same electron den- sities as have been considered in figure 1. It can be seen that d d d T attains a maximum dependence on the gate voltage, that is to say d2u/dV,dT becomes zero. For the whole temperature range examined it appears that d d d T can be considered as being almost independent of the induced electron density if V, is between 1.0 V and 1.5 V. However, for V, is 0.75 V and 0.50 V this behaviour of duidT is only observed at temperatures roughly above 2.5 K and 4.0 K respectively. Therefore. it seems that the uniformity of duidT with respect to the electron density. no longer holds when the conductivity drops below a critical value a 0 which has a magnitude of about 2 x lo-' mho. It is thought that U[) cannot be so much identified with a minimum metallic conductivity in the sense of a universal jump of the conductivity at T = OK. It would be better to consider uo as a special type of margin of the conductivity above which it can be approximately written as:
where q depends on the gate voltage and u2 on the temperature only
Outline of the metallic conductance
At present it is assumed that at energies above E, the density of states does not deviate from the value Do of the unperturbed two-dimensional sub-band. Since the conductance is dominated by the number of electrons above the edge, a conductivity mobility p may be defined by means of the equation:
In the region of metallic conductivity the position of the mobility edge does not change with the electron density. Accordingly, the rate of change d(EF -E,)/dV, of the Fermi level is assumed to be constant. If the gate voltage and temperature are varied but within the range where the plots of figure 2 indicate that d'u/dV,dT = 0 holds, then dddV, should be independent of temperature as is confirmed at temperatures between 1.4 K and 4.2 K by the almost linear and parallel plots of uversus V, for V, between 0.75 V and 1.50 V. At sufficiently low temperatures so that EF -E, s=-kT, it then follows from equation (3) that the mobility does not vary with the electron density in the range of 6.4 x lo" m-' to 7.5 x lo'' m-' if a contribution which is inversely proportional to EF -E, is rejected. Neither does the mobility change with the temperature between 1.4K and 4.2K. Therefore, within these limits at least, but also at lower electron densities as will be shown in the next section, the mobility may be considered as a constant. Consequently, the fairly large increase observed in the metallic conductivity, up to 100 per cent as a result of an increase in the temperature from 1.4 K to 4.2 K, may be related to a substantial rise of the Fermi level, provided that q(V,) and @(T) in equation (2) have a common factor e@o and EF-E,> kT to allow for decomposition of equation (3). It then follows that the position of EF relative to E, can be conveniently decomposed into one term depending on the number of electrons above E, at T = OK, and another term separately describing the change of EF with the temperature. It is expressed by:
withf(0) = 0.
Here we would like to confine ourselves to the remark that V, in decreasing below 1.0 V has been found to enter the expression for f ( T ) which itself gradually vanishes when EF drops below E,. This behaviour off( T) immediately results from the smooth breakdown of the decomposition of a(V,, r ) according to equation (2) when a(V,, T ) falls below 00.
At sufficiently low temperatures so that EF -E, + k T and EF -E, = (EF -E,) ,,, equation (3) expresses a temperature-independent conductivity which increases with the number of electrons in the extended states. At higher temperatures, however, especially when EF is a few k T above E, and EF -E, is no longer comparable with ( E F -E&, then the variation of equations (3) and (4) with the temperature forms the basis of the observed temperature dependence of the metallic conductivity.
Thepre-logarithmic factor
In the region of metallic conductivity at strong inversion, d(EF -E,)/dV, was determined from the Hall effect, the Shubnikov-de Haas oscillations in the magnetoconductance and the oxide capacitance. On average it yielded d(& -E,)/dV, = 1.45 k 0.05 m e v V-'.
By combining this result with the value of da/dV, measured in the vicinity of V, = 1.25V, the prefactor epDok of equation ( 3 ) is estimated to be about 4.5 x loT6 mho K-' in the limit of strong degeneracy. Adopting this value of the prefactor even when d2a/dV,dT is not strictly zero, expression (3) may be fitted to the gate voltage dependence of the conductance at a fixed temperature in the range of 1.4 K to 4.2 K. In this way it was found that EF -E, varies linearly with V,, and that the derivative is almost independent of the temperature chosen as is normally observed at strong inversion. Then, by varying the value assigned to the prefactor, an almost hyperbolic relation between d(EF -E,)ldV, and epD& was obtained, yielding epDok = (4.3 k 0.2) x low6 mho K-' for the above-mentioned rate of change of EF with the gate voltage.
In figure 3 plots of EF -E, versus V, are shown for T = 4.01 K and 1.46K respectively, which illustrate for this particular value of the prefactor, that d(EF -E,)/dV, is independent of the temperature. As a matter of fact, these plots suggest that a description of the conductivity in terms of ordinary metallic behaviour of the electrons above E, as presented by equation (3), remains valid down to 0.15 meV above the mobility edge. This result seems to be contrary to the predicted behaviour of the conductivity, including the universal value of a , , . The possibility that EF is still too far above E, is unlikely because for E F -E, 2 0.15 meV the observed conductivity varies from 8.9 x mho at T = 1.40K to 1.6 X lo-' mho at T = 4.OK, which is 3 to 2 times smaller than the theoretical estimate of a,, (Licciardello and Thouless 1975) or the apparent common intercept obtained from the activated conductivity as shown in figure 1 .
The plots in figure 3 also support the validity of the constant value of the product of p and Do which implies an almost undisturbed density of states above E, as well as a relaxation time of the electrons which is still not affected, despite the close vicinity of the mobility edge.
Temperature dependence of the Fermi level
Now the value of the prefactor in equation (3) is known, the temperature dependence of EF -E, can be easily determined from the measured conductivity. This is shown in v, ( V I figure 4 for several electron densities in the range where equation (2) holds. Within the experimental uncertainties it can be seen thatf( T ) is almost independent of the electron density and is well fitted by a function of the form:
where a = 3.8 f 0.1 and p = (4.3 t 0.1) meV-'. This result bears out the suitability of equations (3) and (4) for describing the conductivity in terms of metallic behaviour of the electrons and a temperature-dependent position of the Fermi level. If all states involved in the observed conductance do belong to the lowest sub-band, it is expected that in order to maintain a constant electron density, by an increase in the temperature. the Fermi level declines towards the mobility edge, as opposed to the increase of EF -E, with the temperature, which can be seen in the figures 3 and 4.
To account for this change in position of the Fermi level with the temperature, a separate band of localised bound states is envisaged. In connection with this it is important to note that a substantial decrease of d(EF -E,)/dV, was found on moving EF into the region of activated conductivity below E,. To elucidate this change some authors have conceived the idea that E, decreases when the electron density is lowered and have argued this view in terms of many-body effects producing a gap at the Fermi level (Allen et a1 1975) , or electron-pair states in the energy gap of the disordered oxide (Ngai and Reinecke 1976) . On the other hand it can be just as easily supposed that at very low electron densities, these band states become occupied by electrons, along with overlapping states in the tail of the lowest sub-band. This means that the Fermi level then lies within this band, but at the same time is still below E,. With this model in view, the features of daldT as a function of the temperature suggest that EF on rising above E, comes in the vicinity of the upper side of this band which is at present assumed ad hoc.
For simplicity, a constant density Db of these separate states present between EF -q and EF, is considered along with the unperturbed density of states DO of the lowest sub-band above E,. From the requirement that the total charge induced into both bands by the gate voltage should be independent of the temperature, the variation of EF -E, with the temperature is easily derived and given by:
(6) -4s has already been stated, expression (5), which is quadratic in kT, provides an accurate fit to the temperature dependence of EF -E,. Therefore, it indicates that the function ln[l + exp(-l/Q] in equation (6) may be properly approximated by the tangent at the point of inflection = kT/q = 0.451 giving:
provided that q lies between 0.2 meV and 0.6 meV for the considered range of temperature. Hence, on equating with equation (5) and q = 0.52 meV. Using these values, equation (6) was plotted in figure 4, which shows a good fit of the proposed model to the variation of EF -E, with the temperature as determined from the measured temperature dependence of the conductivity using equations (3) and (4). As by virtue of equation (6) 
Discussion
Whereas the decomposition of the conductivity according to equation (4) firmly relies on the measured behaviour of du/dT versus T as shown in figure 2 , at present the interpretation of the temperature-dependent part is still lacking a clear experimental proof of the existence of the ad hoc assumed band of localised bound states, or any other evidence for the assumed common factor epDo in q(V,) and q ( T ) which underlies an explanation in terms of a temperature-dependent Fermi level. In this respect the given interpretation of q( 7) is model-dependent; however, the findings regarding the mobility, the density of states and the decompositon of a(V,, above a critical value of 00 which is somewhat below U,,, are not affected by any model adopted to explain the contribution of q( 7). Consequently, this temperature-dependent contribution to the conductivity might instead be ascribed to any other mechanism, such as for instance, the logarithmic corrections recently proposed by arguments based on scaling theory and localisation throughout the sub-band (Abrahams et a1 1979) . In fact the hyperbolic behaviour of the plot of duldT versus T argues the applicability of this theory. On the other hand in an independent manner, strong evidence for the existence of a mobility edge is furnished when the conductivity is thermally activated (Niederer er af 198l) , as opposed to these theoretical arguments which lead to the logarithmic corrections. Very similar corrections have also been argued as resulting from electron-electron interactions above the mobility edge (Altshuler etaf 1980) , in contrast to the strict localisation theory of Abrahams et al. A possible explanation of q( T ) in terms of these logarithmic temperature effects will be discussed in a forthcoming paper.
A similar band of bound states overlapping the lowest sub-band has been introduced (Voshchenkov and Zemell974) to explain the shape and fine structure observed in the threshold region of the capacitance by magneto-admittance measurements. Marked differences from the bound states considered above should be noted. In the first place, the bound-state density of states obtained by these authors is about 10 times smaller and ranges over several meV. Secondly it strongly depends on the temperature. A similar fine structure consisting of many weak peaks in the field-effect mobility near the conduction threshold (Tidey et af 1974 ) is thought to arise from fluctuations in the density of states within the inversion layer. This model, however, seems inadequate to explain the temperature-dependent behaviour of the Fermi level. It is tempting to speculate that the invoked band of bound states arises from positive charges located at or near the interface. Bound states of this kind, however, have a binding energy typically some tens of meV below the sub-band. If they were to overlap the extended states of the lowest sub-band, then an increase of the Fermi level would make them gradually appear as scattering centres that would affect the observed conductivity mobility.
Conclusions
The temperature-dependent conductivity of an n-type silicon inversion layer was investigated at low electron densities, with the Fermi level still in the metallic states of the lowest sub-band. For U > uo = 2 x mho the conductivity is found to be composed of two separate contributions depending on the gate voltage and temperature. The latter has been discussed in terms of thermal promotion of electrons from a separate band of bound states, producing a variation of the Fermi level with temperature relative to the mobility edge. The interpretation of the conductivity results, particularly when the Fermi level is immediately above the mobility edge, provides a constant mobility which cannot be reconciled with a universal minimum metallic conductivity. Below uo a gradual changeover from temperature-dependent metallic conductivity to thermally activated behaviour was found.
